The aim of the present study was to determine the effect of peroral bifidobacteria on the intestinal microbiota, barrier function and bacterial translocation (BT) in a mouse model of ischaemia and reperfusion (I/R) injury. A total of twenty-four male BALB/c mice were randomly allocated into three groups: (1) sham-operated, (2) I/R and (3) I/R injury and bifidobacteria pretreatment (10 9 colony-forming units/d).
The human intestine is colonised by trillions of microorganisms, including hundreds of different species of bacteria and viruses (1) . These microbes, collectively referred to as the commensal microbiota, have an important role in human nutrition and health, by promoting nutrient supply, preventing pathogen colonisation and shaping and maintaining normal mucosal immunity (2) . However, the relationship between indigenous intestinal microbes and their hosts can shift from commensalism towards pathogenicity in certain diseases. Loss of normal microbiota is responsible for overgrowth of opportunistic pathogens that are normally inhibited, which occurs in antibiotic-associated colitis (3) . Bacterial translocation (BT) is defined as the passage of viable bacteria from the gastrointestinal tract through the mucosal epithelium to other sites, such as the mesenteric lymph nodes (MLN) and distant organs after gut barrier failure (4) . The intestinal epithelial cell is extremely susceptible to ischaemia -reperfusion (I/R) injury, and even short periods of ischaemia can provoke substantial partial tissue damage with the potential for other problems (5) . Intestinal I/R injury is a serious condition, which may result from severe trauma, septic or haemorrhagic shock, intestinal mesenteric vascular ischaemia, necrotising enterocolitis or certain surgical procedures including small bowel transplantation and abdominal aortic surgery (6 -8) . It is considered that intestinal I/R not only results in the injury of the intestine itself, particularly the small intestine, but may also cause multiple organ dysfunction syndrome owing to damage of the intestinal mucosal barrier (9) . Injury to the intestinal mucosal barrier during intestinal I/R leads to translocation of bacteria and endotoxin, with the systemic dissemination linked to the endogenous production of pro-inflammatory cytokines, such as TNF-a and IL-6, and to the systemic inflammatory response syndrome (10 -12) . Consequently, intestinal ischaemia injury and subsequent reperfusion have been proposed as major mechanisms involved in BT occurrence in several clinical conditions. Probiotics are usually defined as live micro-organism supplements, which when administered in adequate amounts confer a health benefit on the host by improving its intestinal microbial balance (13) . It is known that one of the primary mechanisms promoting BT in animal models is the disruption of the ecologic intestinal equilibrium to allow intestinal bacterial overgrowth (14) . The main potentially health-enhancing bacteria are the bifidobacteria and lactobacilli, both of which belong to the lactic acid bacteria group (15) . These two genera do not include any significant pathogenic species and their dominance in the faeces of breast-fed babies is thought to impart protection against infection (16) . As probiotic agents, bifidobacteria have been studied for their efficacy in the prevention and treatment of a broad spectrum of animal and/or human gastrointestinal infections through production of SCFA, especially acetate (17, 18) . However, little is known about how bifidobacteria improve the intestinal barrier function and prevent intestinal I/R-induced BT. In the present study, we mainly investigated the effects of peroral bifidobacteria, including Bifidobacterium longum, Bifidobacterium bifidum and Bifidobacterium adolescentis on intestinal microbiota and on BT to MLN and distant organs in a mouse model of I/R injury.
Materials and methods

Animals
Male BALB/c mice, 6-8 weeks old, weighing 22 -25 g, were housed in plastic-bottomed wire-lidded cages and kept at 258C with a daily 12 h light -12 h dark cycle. The mice had free access to water and chow ad libitum. All animals were acclimatised at least 3 d before use. The experimental procedures were performed in accordance with the Guidelines for Animal Experiments at the Jin Ling Hospital and approved by the Ethical Committee at the Jin Ling Hospital (Jiangsu, China).
Preparation and administration with bacterial cells
Bifidobacteria (containing B. longum, B. bifidum and B. adolescentis) were provided by the Nanjing University (Nanjing, China) as a freeze-dried powder containing 1 £ 10 10 colony-forming units/g. At 2 weeks before the I/R experiment, the mice were orogastrically administered 0·2 ml normal saline or bifidobacteria (1 £ 10 9 cells in 0·2 ml normal saline) daily and standard chow and water ad libitum. In total, three groups of mice were studied: (1) sham-operated mice (fed with normal saline and underwent laparotomy, without I/R injury); (2) I/R mice (fed with normal saline and underwent laparotomy, with intestinal I/R injury); (3) bifidobacteria þ I/R mice (pretreated with bifidobacteria and underwent the I/R procedure).
Ischaemia and reperfusion experiment
Mice were anaesthetised with ketamine (120 mg/kg, intraperitoneally) and a laparotomy was performed. The intestinal I/R protocol employed has been previously described (19) . The superior mesenteric artery was isolated and ischaemia was induced by totally occluding the superior mesenteric artery for 60 min. For measuring BT and barrier dysfunction in mice, reperfusion was re-established. At 3 h after reperfusion, a laparotomy was performed to determine microbiological analysis of caecal content, BT to MLN and distant organs, levels of plasma endotoxin and pro-inflammatory cytokines, damage of ileal villus and tight junction (TJ).
Microbiological analysis
The proximal part of the caecum was dissected and the caecal content was extracted using aseptic techniques, weighed, homogenised and serially diluted to obtain 10 Determination of the SCFA in caecum contents
The analysis of SCFA was carried out by GC as follows.
Supernatants from 1 ml of the homogenised caecum content samples were obtained by centrifugation (10 000 g, 30 min, 48C) and filtration (0·45 mm). A chromatographic system composed of a gas chromatograph, HP5890 II (Hewlett Packard), coupled with an ion flame detector and a MS 5973N detector (Agilent Technologies, Inc.) was used for quantification according to Salazar et al. (20) . 4-Methyl valeric acid was used as internal standard.
Bacterial translocation
Using aseptic techniques, tissue samples from the MLN, liver, spleen and kidney were taken for bacteriological cultures. Collected tissue samples were weighed and 0·1 g of each was homogenised in a tissue grinder with 0·9 ml sterile saline. The homogenates were diluted and 100 ml dilutions were taken and cultured on MacConkey's agar at 378C for 24 h. Any growth in the plates of bacteria was expressed as colony-forming units/g of tissue. The result of cultures was considered to be positive when more than 10 2 colonies/g of tissue were found.
Detection of plasma endotoxin, TNF-a, and IL-6
Levels of endotoxin in blood were assessed using a spectrophotometric limulus amoebocyte lysate assay, according to the manufacturer's instructions (Beijing Med & Chem Institute). Endotoxin was expressed as pg/ml. This method was sensitive to 5 pg endotoxin per ml. Sera were assayed for cytokine levels (TNF-a and IL-6) using a multiplex bead-based immunoassay kit (Bio-Rad). Cytokine assays were performed as described by the manufacturer's protocol. Each reaction in the kit was done in duplicate, with the experiment repeated three times.
Pathological analysis
Ileum tissue pieces were formalin-fixed and embedded in paraffin. Thereafter, 4 mm-thick sections were stained with haematoxylin and eosin. Light microscopic studies were reviewed by a pathologist blinded to the protocol. The degree of intestinal tissue injury was evaluated and each was graded on a scale of 0 -5, identical to that originally described by Chiu et al. (21) . Chiu's score was graded as follows: grade 0 was defined as normal mucosa and grade 1 was the development of a subepithelial space at the tips of the villi. This space was more extended in grade 2. In grade 3, there was massive epithelial lifting down the sides of the villi. In grade 4, the villi were denuded of epithelium and grade 5 was characterised by a loss of the villi themselves.
Transmission electron microscopy of tight junction
Sections of ileum (2 mm) were fixed for 2 h in 4 % buffered glutaraldehyde. The sections were cut into smaller pieces, post-fixed in 1 % osmium tetroxide (OsO 4 ), sequentially dehydrated through graded alcohols, infiltrated through Epon812 and then embedded in resin. Thin sections were cut and stained with uranyl acetate and lead citrate, and examined with a Hitachi H-600 transmission electron microscope (Hitachi) operated at 75 kV at a magnification of 20 000 £ . TJ were considered to have increased permeability when the electron-dense marker penetrated into the junctional complex (22) .
Western blot analysis of tissue claudin-1, occludin and zona occludens-1 content
Intestinal tissue samples were homogenised in lysis buffer (20 mM-Tris -HCl (pH 7·5), 1 % Triton X 100, 0·2 M-NaCl, 2 mM-EDTA, 2 mM-ethylene glycol tetraacetic acid (EGTA), 1 M-dithiothreitol (DTT) and 2 M-aprotinin). Proteins (50 mg) were electrophoresed using SDS-PAGE (8 %) and transferred to a nitrocellulose membrane. Membranes were blocked with non-fat dried milk in Tris-buffered saline containing 0·05 % Tween-20 for 1 h at room temperature and incubated with a rabbit anti-mouse polyclonal claudin-1, occludin and zona occludens-1 (ZO-1) antibodies (diluted 1:400; Abcam Biotechnology) at 48C overnight. After three washes in TBS containing 0·05 % Tween-20, the membranes were reacted with a 1:2000 dilution of alkaline phosphatase-labelled goat anti-rabbit IgG (Jackson Biotechnology) for 2 h at room temperature. The bound proteins were subsequently detected with the enhanced chemiluminescent detection system (Amersham Biosciences). Quantification of the blots was achieved densitometrically using Quantity One 1-D analysis software (Bio-Rad).
Statistical analysis
SPSS version 17.0 software (SPSS, Inc.) was used to perform the statistical analyses. The data were expressed as means with their standard errors. Incidences of BT were statically evaluated using the x 2 test. One-way ANOVA was used for multiple comparisons and the least significant difference test was used for intra-group comparison, and P, 0·05 was considered statistically significant.
Results
Pretreatment with bifidobacteria modulates intestinal microbiota
As expected, compared with the sham-operated group, the caecal content colony counts of anaerobes (Lactobacillus, Bacteroides and bifidobacteria) were significantly reduced, while the colony counts of aerobes (Enterobacteria and Enterococcus) were increased in the I/R group at 3 h after treatment (P,0·01, , 0·01, ,0·01, , 0·05 and , 0·05, respectively). After pretreatment with bifidobacteria, counts of anaerobes (Lactobacillus, Bacteroides and bifidobacteria) were significantly increased, while the colony counts of aerobes (Enterobacteria and Enterococcus) were reduced in the I/R group (P, 0·01, , 0·01, ,0·01, ,0·05 and ,0·05, respectively) ( Fig. 1 ). . At 3 h after sham-operated or ischaemia and reperfusion (I/R), the proximal part of the caecum was dissected and caecal content was cultured for colony counts of (a) aerobes ( , Enterobacteria; , Enterococcus) and (b) anaerobes ( , Bacteroides; , bifidobacteria; , Lactobacillus). Values are means, with their standard errors represented by vertical bars. Mean values were significantly different compared with that of the sham-operated group: * P, 0·05, ** P, 0·01. Mean values were significantly different compared with that of the I/R group: † P, 0·05, † † P, 0·01. The mean colony counts obtained from the agar plates were expressed as colony-forming units (CFU)/g of content. B., mice with bifidobacteria supplement.
Pretreatment with bifidobacteria increased the levels of SCFA As shown in Table 1 , the total SCFA concentration in the caecal contents of the I/R group was significantly less than in the sham-operated group (P,0·01). However, pretreatment with bifidobacteria in the I/R injury model significantly increased the levels of total SCFA (P, 0·01). Acetate, propionate and butyrate in the caecum were reduced after I/R injury (P,0·01, , 0·01 and , 0·05, respectively), while pretreatment with bifidobacteria increased them (P,0·01, , 0·01 and ,0·05, respectively) in the I/R injury model. However, the concentration of valerate was not affected.
Pretreatment with bifidobacteria prevents bacterial translocation to distant organs
In the BT analysis, bacteria were observed only in MLN in the sham-operated group. Induction of intestinal I/R resulted in significant BT to the MLN, spleen, liver and kidney (P, 0·01, x 2 ¼ 22·44). However, pretreatment with bifidobacteria significantly reduced BT to MLN and distant organs following I/R injury compared with that of the I/R mice (P,0·01, x 2 ¼ 7·63). There were also significant differences in BT rates between the sham-operated and bifidobacteria þ I/R groups (P¼0·02, x 2 ¼ 5·74) ( Table 2 ).
Pretreatment with bifidobacteria shows lower levels of endotoxin, TNF-a and IL-6
As shown in Fig. 2 , I/R induced a significant (P, 0·01) increase in plasma endotoxin, TNF-a and IL-6 in mice compared with the sham-operated mice. However, pretreatment with bifidobacteria showed lower levels of endotoxin, TNF-a and IL-6 in plasma that were initially induced by I/R injury compared with that of I/R mice (P, 0·05, ,0·01 and ,0·05, respectively).
Pretreatment with bifidobacteria alleviates the injury of ileal villi
As shown in Figs. 3 and 4 , intestinal mucosal injury was demonstrated. There was significant haemorrhage, loss of lamina propria villus and gland in the I/R group (Fig. 3(b) ). Pretreatment with bifidobacteria ( Fig. 3(c) ) resulted in moderate villus shedding and injured gland. An apparent atrophy of mucosa and leucocyte infiltration was observed after I/R injury (P, 0·01). After pretreatment with bifidobacteria, mucosal erosion and leucocyte infiltration were significantly decreased in the I/R group (P,0·01).
Pretreatment with bifidobacteria ameliorates the disruption of tight junction morphology TJ play an important regulatory role in barrier function. TJ are major determinants in the maintenance of barrier permeability. Transmission electron microscopy analysis was performed to further investigate the impact of I/R on the morphology of TJ. As demonstrated in the Fig. 5 , in the sham-operated group (Fig. 5(a) ), the TJ and desmosomes were intact. In the I/R group ( Fig. 5(b) ), TJ ultrastructure was altered, characterised by decreased electron-dense materials in the TJ and abnormal desmosomes. In the bifidobacteria þ I/R group ( Fig. 5(c) ), more electron-dense materials were present between the adjoining cells near the brush border, which indicated the amelioration of disruption of TJ morphology.
Pretreatment with bifidobacteria increases the expression of tight junction protein
Primary components of TJ are transmembrane elements such as occludin and the claudins, as well as peripheral membrane proteins ZO-1. We performed Western blotting analysis to study the effect of I/R on the expression of TJ proteins claudin-1, occludin and ZO-1. In the I/R group, the expression of TJ proteins claudin-1, occludin and ZO-1 were significantly (P, 0·01) decreased compared with the sham-operated group. However, pretreatment with bifidobacteria significantly increased the expression of claudin-1, occludin and ZO-1(P, 0·01, , 0·05 and ,0·05, respectively) that were initially reduced by I/R injury (Fig. 6 ).
Discussion
The intestine is extremely susceptible to ischaemic injury because it has a high demand on oxygen even in the steady * P, 0·05, ** P, 0·01. Values were significantly different compared with that of the I/R group: † † P, 0·01.
state, and the subsequent reperfusion of the ischaemic intestine deteriorates the ischaemic damage (23, 24) . Intestinal I/R injury has been assumed to be a major factor involved in the process of BT. In the present study, we found that oral pretreatment with bifidobacteria 14 d before I/R significantly decreased the incidence of bacterial translocation to the MLN and distant organs such as liver, spleen and kidney. Therefore, bifidobacteria used as probiotics seem to have prophylactic protective effects on the gastrointestinal tract. These results are in line with those of Luyer et al. (25) that pretreatment with Lactobacillus spp. decreases translocation to distant organs. Although the exact mechanism of how bifidobacteria prevent translocation is not known, we can hypothesise that the preventive effect of bifidobacteria appears to modulate gut microbiota. Intestinal potentially pathogenic bacterial overgrowth has been considered an important factor for the development of BT in I/R experimental studies and in patients with acute trauma (26, 27) . Pathogenic bacteria, which may be present (in very small proportions) as part of the normal microbiota, can become dominant if this equilibrium is disrupted (28, 29) . Bifidobacteria have been shown to inhibit the growth of a variety of bacteria and to contribute to the elimination of pathogenic enteric bacteria by producing antimicrobial substances. For instance, Fujiwara et al. (30) described a proteinaceous factor, produced by B. longum SBT 2928, which inhibited adherence of the enterotoxigenic Escherichia coli strain Pb176 to the gangliotetrasylceramide GA1 molecule in vitro, and Fukuda et al. (18) demonstrated that acetate produced by protective bifidobacteria improves intestinal defence mediated by epithelial cells and thereby protects the host against lethal infection. Recent studies have also shown that disruption of the normal intestinal microbiota, resulting in bacterial overgrowth with enteric bacilli, can participate in the production of mesenteric lymph, which is injurious to endothelial cells in a trauma or haemorrhagic-shock model (26) , and that a decrease in counts of mucosal bifidobacteria is a significant risk factor for the development of gutderived BT in thermal-injured rats (31) . In the present study, we found that I/R injury can lead to a decrease in the number of intestinal obligate anaerobic bacteria, such as Bacteroides, Bifidobacterium and Lactobacillus. Nevertheless, pretreatment with bifidobacteria significantly decreased the counts of aerobic and increased the counts of obligate anaerobic bacteria in the caecal content, and significantly recovered the normal microbiota population after I/R injury. The normal microbiota can prevent colonisation of pathogenic organisms by colonisation resistance, occupying the microenvironment where these organisms could mature steadily. This relationship is highly dependent on the balance of host factors, environmental factors and microbial interactions. These findings suggested an important role of gut microbiota in systemic response after I/R injury. Therefore, the changes in intestinal microbiota observed after I/R injury in the present study, at least in part, explain the decrease in BT. The present study has not clarified the mechanism of how the bifidobacteria changed the gut aerobic and anaerobic bacterial concentration. Further investigations about the effects of bifidobacteria on the population of the microbiota in the gut are needed.
SCFA, particularly acetate, propionate and butyrate, are the dominating end products of bacterial fermentation of carbohydrates by intrinsic intestinal digestive enzymes in the large bowel, and are generated by commensal bacteria. These have long been implicated in having a variety of beneficial effects on the host, including trophic and anti-inflammatory effects on the gut in vitro (17, 32, 33) and in vivo (18, 34) . In human subjects, SCFA concentration can be measured only in stools, which accounts imperfectly for fermentation occurring mainly in the proximal part of the large intestine (35) . Accordingly, we chose to use mice, a model allowing accessibility to caecal contents, which was validated for studies of SCFA (36) . The present study demonstrated that the I/R injury significantly decreased the levels of caecal total SCFA, acetate, propionate and butyrate, while pretreatment with bifidobacteria in the I/R injury model significantly increased them; these findings are in line with Fukuda et al. (18) . The attachment of the bacteria to the intestinal epithelial cells can elicit the release of cytokines and initiate the subsequent inflammatory response involved in the process of BT (37) . After passing the epithelial barrier, translocating bacteria triggered excessive release of endotoxin and pro-inflammatory factors such as cytokines (TNF-a, IL-6, etc.), which have been shown to be important participants in the associated pathophysiology, leading to the exacerbation of intestinal barrier integrity and increased BT during intestinal I/R injury (38, 39) . In the present study, we found that endotoxin and pro-inflammatory cytokine TNF-a and IL-6 levels were increased after 3 h of intestinal I/R injury. These results are in accordance with previous studies demonstrating that intestinal I/R plays an important role in cytokine liberation, and treatment with Bifidobacterium infantis and B. bifidum can decrease plasma endotoxin (39, 40) . Increased TNF-a and endotoxin levels after intestinal I/R injury have been associated with increased mortality in animal models (12) . The present study confirms the previously documented finding that intestinal I/R induces acute pro-inflammatory cytokine and endotoxin release, and promotes the influx of neutrophils into the intestinal mucosa and destroys the intestinal barrier. We found that pretreatment with bifidobacteria showed lower levels of endotoxin, TNF-a and IL-6 in plasma, which were initially induced by I/R injury. The lower levels of endotoxin, TNF-a and IL-6 in plasma, observed in mice pretreated with bifidobacteria, may possibly contribute to reduction of the incidence of BT. These findings suggest that the effects of bifidobacteria on the host immune response cannot be due only to changes in the intestinal microbiota, but may also be due to activation of the monocyte -macrophage system that would increase the capacity of endotoxin clearance from the internal milieu (41 -43) . Thus, we believe that the beneficial effect of bifidobacteria on intestinal barrier function after I/R is mainly mediated through down-regulation of endotoxin and proinflammatory cytokines. Previous studies have shown that intestinal I/R injury can destroy the intestinal mucosal integrity and contributes to mucosal barrier dysfunction (44) . In the present study, the I/R injury mice showed higher levels of villous injury in the ileum when compared with the sham-operated mice. However, pretreatment with bifidobacteria can significantly reduce the levels of ileum villous injury. These data confirm that intestinal villous damage occurs in the present experimental model and suggest that it could be related to BT because pretreatment with bifidobacteria decreases ileum mucosal injury and BT, as has been shown in other experimental models of thermal trauma and haemorrhagic shock (7, 31) . The fact that probiotics protect intestinal mucosal morphological changes in the I/R injury is in line with another study (37) showing that Lactobacillus plantarum L2 can prevent I/R-induced intestinal barrier dysfunction.
TJ are one of the major determinants of epithelial barrier function. The disruption of TJ can lead to increased paracellular permeability after intestinal ischaemia (45, 46) . However, the mechanisms by which I/R disrupt intestinal barrier function are not fully characterised. In the present study, we found that the morphology of TJ and the expression of TJ proteins were changed after I/R injury. I/R injury led to appearance of aberrant TJ. The disrupted morphology of TJ is often the result of changes in TJ protein expression. Nevertheless, we found that pretreatment with bifidobacteria alleviated I/R-induced disruption of TJ in the ileum. These observations showed that I/R-induced changes in TJ structure and function may be associated with the redistribution of TJ proteins in TJ membrane microdomains. It denoted the importance of the altered distribution of TJ proteins in membrane microdomains of TJ in the preservation of epithelial barrier properties.
Conclusion
Bifidobacteria may be beneficial in reducing BT in I/R injury of mice. The present data indicate that peroral administration of bifidobacteria is a potential strategy to prevent I/R-induced BT and intestinal barrier dysfunction. However, further studies are required to determine the effects and mechanisms of the relations between certain strains of Bifidobacterium and the host in the present experimental model. 
